Anecdotal evidence of pyrethroid insecticide product failure for the control of stable fly [Stomoxys calcitrans (L.)] populations in the United States and worldwide prompted us to evaluate the frequency of knockdown resistance (kdr)-type polymorphisms within the voltage-sensitive sodium channel (Vssc) gene of field collected specimens from the United States, France, Costa Rica, and Thailand. The kdr-his allele (L1014H), associated with permethrin resistance, was detected in stable flies from the 10 states sampled in the United States, as well as from Costa Rica and France (Toulouse). Field collections of stable flies from California (Modesto) and New York (Cliffton Springs) exhibited reduced susceptibility upon exposure to a diagnostic permethrin concentration of 10× LC 99 , but survival did not appear to strictly associate with frequency of the kdr-his allele. This suggests that there are additional resistance mechanisms contributing to the phenotype in these states. The kdr allele (L1014F) was detected for the first time in stable flies originating in France and Thailand, and an improved, DNA-based diagnostic assay was developed and validated for use in future screens for kdr and kdr-his allele frequencies from field collections. The absence of kdr in United States and Costa Rica populations suggests that the allele is currently restricted to Europe and Asia.
The stable fly, Stomoxys calcitrans (L.), is a livestock pest that parasitizes a range of mammalian hosts, with that on cattle highlighted due to the economic impact on cattle producers worldwide (Taylor et al. 2012 , Grisi et al. 2014 . Although livestock waste by-products (e.g., manure and spent hay) are considered an important habitat for stable fly larval developmental sites (Broce et al. 2005) , the massive quantities of organic residues and debris produced by agricultural industries are quickly being recognized as substrates supporting the development of pest-level populations of stable flies (Cook et al. 2018) . Recent examples of expanding industries include sugar cane production in Brazil (Dominghetti et al. 2015) , horticultural production in Australia (Cook et al. 2011) , and pineapple and coffee farms in Costa Rica (Solorzano et al. 2015) . Beef and dairy cattle farmers in proximity to these industries are economically affected by resulting outbreaks of adult stable fly populations. In Costa Rica, these outbreaks can produce fly numbers as high as 700 stable flies per animal (Solorzano et al. 2015) , which is 30-50 times the economic threshold (Campbell et al. 1987) . Sanitation is a critical management practice to reduce ovipositional sites/larval developmental habitats, yet this can be problematic when scaling efforts to these larger industries. Although not most effective, on-animal applications of insecticides are still used for reducing fly populations (Gerry et al. 2007) , especially on highvalue animals such as equines, and show quality livestock. Stable fly adults further can be exposed to insecticides that are applied to structures or that are used during outbreak situations, such as insecticidal fogging that is applied to pastures and cattle in Costa Rica to reduce the impact on animals during critically high levels of stable flies. Exposure can also occur through programs to reduce populations of other livestock ectoparasites, such as pyrethroid use in dairies for control of house flies, Musca domestica Linnaeus (Diptera: Muscidae). These instances of increased insecticidal pressure may result in insecticide resistance development. In the United States, Pitzer et al. (2010) reported stable fly populations with increased tolerance to permethrin.
The voltage-sensitive sodium channel (Vssc) gene is the target site for the pyrethroid class of insecticides, and a mutation that results in a leucine (L) to histidine (H) amino acid change at position 1014 of this gene in stable flies (L1014H; kdr-his) is associated with increased tolerance to permethrin in the United States (Olafson et al. 2011) . Detection of this allele at three field sites in Florida suggested that it was circulating in this state (Olafson et al. 2011) , but the prevalence of kdr-his and possible presence of other kdr-type polymorphisms in stable flies from the United States and worldwide are unknown. The present study aims to provide a baseline assessment using both allele-specific PCR assays and sequencing of the Vssc domain II region, which is known to harbor mutations associated with pyrethroid resistance in other livestock pests (Williamson et al. 1996 , Jamroz et al. 1998 , Stone et al. 2014 ).
Materials and Methods

Collection Sites
Stable fly adults were collected in 2012 from Florida, Kansas, Oklahoma, Nebraska, and Tennessee; in 2014 from central Thailand (Wang Nam Khiao [WNK]); in 2015 from Louisiana; and in 2018 from Costa Rica, France, and central Thailand (WNK and Kamphaeng Saen [KPS] ). Upon collection, adult flies were transferred to absolute ethanol for long-term, archival storage. Stable fly pupae were collected in June 2012 from two locations in Minnesota and in July 2014 from Washington, and newly emerged adults were cold anesthetized and frozen until use.
Diagnostic Concentration Bioassays
Stable flies collected in 2015 from California (sites 1 and 2) and New York were evaluated with a diagnostic permethrin concentration of 10× LC 99 , as described in Pitzer et al. (2010) . Adults (3-5 d old, n = 10) were used in each bioassay, which was conducted in triplicate for a total of 30 adult flies; the New York assays were replicated four times for a total of 40 flies. The California pupae were collected and adults assayed by Sierra Research Laboratories (Modesto, CA), whereas the New York pupae were shipped to the Kaufman Veterinary Entomology Laboratory at the University of Florida (Gainesville) to be assayed. After exposure for 24 h, survivors and dead flies were collected and stored separately in absolute ethanol for downstream analysis (California 1, n = 25; California 2, n = 21; New York, n = 37). All treatment vials were prepared by the Kaufman Laboratory and confirmed by exposing the stable fly susceptible colony that was used to establish the LC 99 value (Pitzer et al. 2010 ).
Genomic DNA Isolation
Genomic DNAs were isolated using either the DNEasy Blood and Tissue Kit (Qiagen, Germantown, MD) or maceration in a DNA isolation buffer, as outlined in Olafson et al. (2011) . Stable fly head tissue was used for genomic DNA isolation from five collections (Table 1) , whereas whole adults were used as starting material for all other sites. We cannot rule out the possibility of contamination by male DNA in collections where whole adults were used as template and the alleles were not fixed.
Sodium Channel Domain II Amplification
Oligonucleotide primers were designed to amplify the genomic regions containing exons that encode segments 1-6 of the stable fly Vssc domain II. Segments 1-5 were amplified with primer pair ScNaCh-F21/ScNaCh-R19, and segment 6 was amplified with primer pair ScNaCh-F20/ScNaCh-R8 (Table 2) . Segments 1-6 were amplified from all Costa Rica, France, and WNK 2014 specimens, whereas only segment 6 was amplified from all WNK and KPS 2018 specimens to confirm allele-specific PCR assay results, as described in the 'Allele-Specific PCR Assay to Detect 1014L, 1014H, and 1014F' section. Reaction conditions consisted of optimized buffer (Advantage HF2 PCR Buffer, Takara, Mountain View, CA) for use with 50× Advantage High Fidelity 2 Polymerase (Takara). Amplified products were purified by DNA Clean & Concentrator (Zymo Research, Irvine, CA), and these were sequenced in both directions by GenScript (Piscataway, NJ).
Assembled sequences were used to identify polymorphisms within domain II, including the intron located 4 bp downstream of the kdr site. Twenty-eight sequences were submitted to GenBank (MK002435-MK002462), comprising all genotypes presented in Table 1 and associated polymorphisms within the nearby intron (Supp Table 1 [online only]).
Allele-Specific PCR Assay to Detect 1014L, 1014H, and 1014F
The frequency of kdr-his in stable fly adults from the United States and Costa Rica was evaluated using the allele-specific PCR (ASPCR) assay described in Olafson et al. (2011; Table 2 ). Upon identifying the kdr allele in specimens from France and Thailand, the assay was updated to detect this allele. Genomic DNA from each individual was amplified in three reactions using the ScNaCh-F20 primer in combination with one of ScNaCh-1014L_Rev, ScNaCh-1014H_ Rev, or ScNaCh-1014F_Rev representing the wild-type, kdr-his, or kdr alleles, respectively (Table 2) . Reaction conditions consisted of optimized buffer (Advantage HF2 PCR Buffer, Takara) for use with 50× Advantage High Fidelity 2 Polymerase (Takara), 0.25 mM each dNTP, and oligo primers in a 1.5:1 ratio of ScNaCh-F20:allelespecific reverse primer in a 20-µl volume.
Results and Discussion
The Vssc domain II was amplified and sequenced from stable flies collected in Costa Rica (San Carlos), France (Toulouse), and Thailand (WNK 2014). Sequence alignments identified a CTT to TTT transition mutation in samples from Toulouse and WNK 2014 that resulted in a leucine (L) to phenylalanine (F) amino acid change at position 1014 (L1014F; Fig. 1) ; this mutation was consistent with the traditional kdr allele reported from related muscid flies (Williamson et al. 1996 , Guerrero et al. 1997 ), but had not been previously identified from stable flies. No other polymorphic sites within domain II were evident in the samples from which sequence data California and New York specimens were collected from dairies. Survivors and dead from exposure to a diagnostic permethrin concentration of 10× LC 99 . (Williamson et al. 1996 , Guerrero et al. 1997 , Sun et al. 2017 . The allele and genotype frequency of kdr-his and kdr from stable fly field collections in the United States (n = 480), Costa Rica (n = 31), France (n = 30), and Thailand (n = 70) is summarized in Table 1 . The kdr allele was not detected in Costa Rica or in 10 states within the United States, suggesting the allele may be currently restricted to Europe and Asia. Frequency of the kdr allele was high within the Toulouse collection (0.85), which was obtained from a site where pyrethroid resistance has been documented (Salem et al. 2012 , Tainchum et al. 2018 ). The kdr allele was observed at low frequency in the WNK 2014 collection, but the kdr-his allele was not observed. An updated ASPCR assay was developed to facilitate screening for prevalence of these alleles, and its use was validated with sequence data of specimens from Costa Rica, Toulouse, and WNK 2014 (Fig.  1) . This assay was then used to screen stable fly collections from WNK and KPS 2018; the kdr and kdr-his alleles were not detected, and this was further confirmed by sequencing. The absence may be due to shifting stable fly populations exchanging genetic biotypes, as this fly is well recognized to relocate Ruff 1985, Pitzer et al. 2011) .
Using an ASPCR assay (Olafson et al. 2011) to broadly survey stable fly field collections, the kdr-his allele was detected in US populations representing 10 states (Table 1) . Overall, samples from Tennessee, Florida, and Washington displayed moderate kdr-his allele frequencies (0.24-1.0). The kdr-his allele also was detected in Costa Rica, although sampling was limited to a single pineapple farm in San Carlos. The kdr-his allele was associated with a laboratory-selected colony exhibiting 15-fold resistance to permethrin (Olafson et al. 2011) . In this study, field populations of stable flies from California (sites 1 and 2, separated by approximately 23 km) and New York were evaluated with a diagnostic 10× LC 99 permethrin concentration, after which survivors were separated from those that died upon exposure and all were assayed for frequency of kdr-his (Table 1) . The kdr-his allele was fixed in the California 1 and 2 populations, as both survivors and dead flies assayed were kdr-his homozygotes. In the New York population, the kdr-his allele was detected in flies that died after permethrin exposure, with 10% of those dead genotyped as kdr-his homozygotes. Together, these indicated that reduced permethrin susceptibility was not strictly associated with the kdr-his allele, indicating additional mechanisms are contributing to the phenotype in the California and New York populations. Additional studies employing synergist bioassays are required to further elucidate mechanisms involved, including the impact of metabolic detoxification of pyrethroids that can confer insecticide resistance (Tomita and Scott 1995 , Liu and Scott 1998 , Barros et al. 2013 , Feng et al. 2018 , even in the absence of kdr target site mutations (Witzig et al. 2013 , Ishak et al. 2016 ). Fig. 1 . Representative chromatograms and corresponding allele-specific PCR amplification results of wild-type (wt; L), kdr-his (H), and kdr (F) genotypes identified from stable fly, Stomoxys calcitrans (L.), populations. The amplified product is 196 bp. The wt/kdr genotype was identified from only three Thailand flies (Wang Nam Khiao 2014), whereas the homozygous kdr genotype was identified in flies sampled from Toulouse, France. An uncropped gel image is available in Supp. Fig. S1 (online only).
